Sponge carrier media provide a large surface area for biofilm support; however, little information is known about how to model their dual nature as a moving bed and as porous media. To investigate the interaction of mass transfer and detachment with bio-clogging, a novel biofilm model framework was built based on individual-based modelling, and hydrodynamics were modelled using the lattice Boltzmann method. The combined model structure enabled the simulation of oxygen and biomass distribution inside the porous network as well as inside the biofilm. In order to apply the model to moving bed biofilm reactors (MBBR), biofilm detachment due to abrasion (carrier collisions) was modelled to be dependent on intracarrier distance. In the initial growth stage, biofilm grew homogeneously on the internal skeleton after which a more discontinuous growth developed which significantly increased permeability. Low detachment rates caused clogging in the outer pores which limited growth of biofilm to the surface region of the sponge. High detachment rates on the surface enabled deeper oxygen penetration with higher internal biomass activity. The degree of clogging was also sensitive to the presence of extracellular polymeric substances because of its large spatial occupancy.
INTRODUCTION
Sponge carrier media applied to moving bed biofilm reactors have been considered as ideal carrier media (Nguyen et al. ) . Sponge carrier media can be used to upgrade existing activated sludge processes for integrated fixed-film activated sludge (IFAS). Upon such upgrade, a 2-3-fold increase in total biomass (Morper & Linde ) and a 1.6-fold increase in specific nitrification and denitrification rate (Deguchi & Kashiwaya ) are possible because substantial biomass is kept inside the carrier as a biofilm.
Biofilms are microbial assemblies attached to a surface. This feature enables microorganisms to remain where nutrients are abundant but limits their reaction rate due to diffusion resistance. The main mechanism to control growth is biofilm detachment (Rittmann et al. ) , which is the release of biomass from the biofilm to the surrounding liquid. In moving bed reactors detachment occurs mainly by abrasion caused by collision between carriers (Tijhuis et al. ) . Matsui & Deguchi () , who conducted kinetic tests on sponge carrier media, found that apart from molecular diffusion, the biological reaction rate was governed by internal pore convection (mass transfer by fluid flow). This observation, together with fluorescent in situ hybridization observations (Chae et al. ) , suggested that a major part of the reaction occurs in the biofilm attached to the skeletal porous media of the sponge carrier. Biofilms in porous media reduce the permeability of liquid flow in a way that drastically affects mass transfer by clogging (Rittmann ) . Biofilm clogging has been observed in sponges used for IFAS processes whereas less biofilm clogging is found in sponges used for nitrification (Morper & Linde ) . In practice, clogging in IFAS can be reduced by increasing the reactor shear stress, and hence biofilm detachment due to abrasion, with the jostling of sponge media by coarse air diffusers (Morper & Linde ) .
Biofilm can be simulated with discrete particles by applying individual-based modelling (IbM) (Kreft et al.  ) . IbM was shown to have the ability to track individual cells each with a specified quantity of different biomass components. The lattice Boltzmann (LB) method has been successfully applied in the simulation of hydrodynamics and mass transfer around biofilm structures (Picioreanu et al. ) . Pintelon et al.
() studied clogging in soils in the framework of a single species IbM biofilm model and applied LB for the hydrodynamics and mass transfer inside the pores. By using this framework, it was shown that the biofilm formed colonies that were able to block pores in the network, locally reducing the permeability of the porous media.
The main aim of the modelling work presented here was to investigate what factors affect biofilm formation and clogging in sponge carrier media. The model framework was designed to simulate trends observed in experimental results: (1) permeability reduction with biofilm growth (Rittmann ), (2) the effect of hydraulics on biological reaction rate (Matsui & Deguchi ) , and (3) the effect of shear-induced detachment on permeability and biological reaction rate (Morper & Linde ) . The framework used in this paper is a development of the framework of Pintelon et al. () , applied to sponge carrier media. In contrast to soils, a sponge carrier medium is a soft material that deforms upon collisions. A biofilm detachment model for sponge carrier media was developed that considered the internal damping effect during carrier collisions. The IbM biofilm model simulated microorganisms that produce extracellular polymeric substances (EPS) upon growth. EPS production is essential as it occupies a lot of space per unit COD (chemical oxygen demand) mass which increases the clogging inside sponge carrier media.
METHODS

Modelling framework
The algorithm for sponge carrier media, developed in MATLAB ® , is shown in Figure 1 . It combines LB hydrodynamics and mass transfer of the water in the sponge pores with a biofilm model for the biomass. Biomass was initialized by randomly placing biomass particles at the skeletal sponge surface. The positions of biofilm particles formed the geometric obstacles in the LB hydrodynamic solver after which LB mass transfer was calculated to obtain the oxygen distribution. The oxygen distribution was used as an input in the IbM model where growth. division, shoving and detachment were simulated before finishing the iterative loop. The parameter values used in this study are listed in Table 1 .
LB hydrodynamics and mass transfer
A sponge of 10 mm in diameter, 28 pores per inch and an empty porosity of 0.97 was modelled in the simulation. To simulate the flow entering the sponge carrier medium the pressure gradient along the sponge needed to be calculated. For an aerator in a spiral roll configuration, the sponges will most of the time be present outside the bubble zone, in the process of sinking (So et al. ). Therefore it was assumed that the pressure gradient was in equilibrium with the negative buoyancy (sinking) as follows:
Two different LB methods were used to solve the hydrodynamics and the mass transfer on a square grid network of 30 μm mesh size. For the hydrodynamics, the LB method with the lattice Bhatnagar-Gross-Krook approach in 2D (Succi ) was used to solve for the velocity vector u (m/d) in the Navier-Stokes equations:
A no-slip boundary condition was applied at the biofilm surface and constant pressure was applied at the outlet. For simplicity, biomass reaction was assumed to be rate-limited on oxygen. A LB scheme based on Flekkøy () was used to solve for the oxygen concentration, S O2 , (g/m 3 ), in the advection-diffusion-reaction equation:
where r O2 (g/m 3 d) is a (negative) reaction source term of S O2 . Bulk liquid was completely mixed with fixed oxygen concentration, no-flux boundary conditions were applied at the walls and zero oxygen gradient was applied at the outlet. 
Growth, decay and EPS degradation
The process map and parameters used in this study were obtained from Alpqvist et al. () , including microorganisms (X B ), inert (X I ) and EPS (X E ) (g/m 3 ). X E was generated by the growth of X B . The Petersen matrix in Table 2 was used to link the processes with the soluble (S i ) and particulate (X i ) state variables. In IbM, growth of microorganisms increased the radius of biomass particles up to until a threshold value, 8 μm, upon which the particle was divided into two. A shoving algorithm was used to reduce the overlap of particles caused by growth and division (Kreft et al. ) . During decay and EPS degradation a reverse shoving process was performed to bring shrinking particles closer to each other, as described by Xavier et al. () .
Biofilm detachment
At the biofilm surface, the interface speed u interface (m/d) in the normal n direction of the biofilm is given by
where u j is the movement of the nearest biomass particle, and u det (m/d) is the biofilm detachment velocity. A distance 
Decay of microorganisms
function from the biofilm surface was resolved on a square grid and u interface was solved using the level set method (LSM) (Sethian ; Xavier et al. ). After each calculation of the LSM, the position of the interface was recalled back again on iso-curves where the distance function was zero. The detachment velocity was calculated using the following empirical relation (Xavier et al. ) :
where k det (1/m d) is the detachment coefficient and x (m) is the local distance from the substratum. k det resembles reactor shear stress, which depends on frequency and intensity of carrier collisions. These are influenced by carrier volume fraction, carrier size, and power input from aerators or mixing devices (Gjaltema et al. ) . The relation to the square of biofilm thickness fitted well to experimental results and ensured a steady-state biofilm (Stewart ) . In order to adapt this relation for sponge carrier media an exponential term was added:
where c is the exponential reduction coefficient and δ is the intracarrier distance normalized with the carrier radius. The exponential relation is related to the force of impact of collisions in the sponge carrier media. The reference value of k det (1,000 1/m d) was chosen to obtain appropriate biofilm thicknesses (see the results section) and corresponds to the higher range utilized by Xavier et al. () . For simplicity the reference value of c was set at ln(5) ¼ 1.61 so that the middle of the sponge experienced a theoretical shear force scaled by 1/5 to the shear force at the sponge surface.
RESULTS
Competition between biofilm growth and detachment and the effect of clogging are shown in Figure 2 , where the results of the distribution of oxygen and biomass at different S O2,bulk and k det are displayed. Higher S O2,bulk and lower k det resulted in a higher DO stratification and a biomass that occupied the near surface region. The reverse was developed for lower S O2,bulk and higher k det where stratification of DO was low and biomass developed at the inner regions of the sponge. For the case of S O2, bulk ¼ 4 and k det ¼ 500, thick biofilm clusters were seen blocking the pore throats. This biofilm formation had a major impact on permeability because it blocked the narrowest sections for fluid flow. 
DISCUSSION
The results could explain various observations found in previous experimental results: (1) permeability reduction by biofilm growth, (2) dependency of internal flow on reaction, and (3) increase of reaction by increased shear stress. The effect of the presence of biofilm on permeability can be seen with the reduction of permeability with time as the biofilm grew. The flow rate inside the sponge carrier medium was rate limiting on reaction which was observed by the simultaneous reduction of oxygen flux and permeability. This explains the peak of J O2 followed by a reduction due to permeability loss. The dependency of k det on DO and oxygen flux is shown in Figure 2 and Figure 3 (a) respectively. Clearly, the detachment rate showed high sensitivity to the oxygen flux if the sponge were about to clog, whereas otherwise the sensitivity to k det was moderate. It is theoretically possible that if k det is high enough, beyond the range studied, or if the growth rate is slower, reaction might decrease with detachment rate due to bacterial washout. Although only a single-species model of microorganisms was used, the sensitivity of Y E and Y B to reaction and clogging could explain why different biofilm formation occurs for nitrifying or IFAS processes (Morper & Linde ) . This can be reproduced by incorporating a multispecies biofilm model into the framework. The sensitivity of EPS density to oxygen flux indicates that not only detachment but also compaction of biofilm, caused by carrier collisions, may affect the mass transfer. To obtain a set of reasonable coefficients, calibrations to experimental results are desirable. If utilization of nitrate is included, it is possible to calibrate the model by comparing denitrification of fluidized sponge and stagnant sponge as in the experiment of Deguchi & Kashiwaya () . To extend the model to give advice to operators, experimental work needs to be conducted to correlate the detachment coefficient k det to microbial state variables (X B , X I and X E ) and actual operational data of aeration intensities and carrier volume fractions.
CONCLUSIONS
A novel model framework to simulate biofilm formation in sponge carrier media was developed. To account for the internal flow of water inside the sponge and the clogging effect of the biofilm, a coupling between a LB hydrodynamics model and individual-based modelling of biofilm was performed of a biofilm with oxygen as a limited substrate. Detachment caused by abrasion was modelled to decline exponentially with intracarrier distance due to damping effects of the sponge material. From the constructed model, the following typical responses were modelled:
• Growth of biofilm on the skeletal surface was limited by both diffusion and pore advection of the limited substrate.
• Presence of biofilm reduced the permeability of liquid flow which eventually reduced the reaction rate by clogging.
• The degree of clogging varied with operational conditions simulated with varying degrees of detachment coefficient and bulk oxygen concentrations. High simulated reactor shear resulted in a higher oxygen flux into the sponge and enabled biofilm to grow further inside.
• The degree of clogging was found to vary greatly with the properties of the biofilm, with a large degree of sensitivity to the production and density of produced EPS.
